Drosophila activates a robust defense response to gram-negative bacteria through the Immune deficiency (Imd) pathway. Imd signaling proceeds through c-Jun N-terminal Kinase (JNK), NF-kB and caspase modules. The individual signaling modules act in a highly coordinated manner to yield a stereotypical response to infection. While considerable attention has focused on NF-kB-mediated antimicrobial activities, more recent studies have highlighted the involvement of JNK signaling in the Imd pathway response. JNK signaling occurs in a transitory burst and drives the expression of a number of gene products through the AP-1 transcription factor. In this report, we describe a simple method for the quantification of JNK activation by Western blot analysis or directly in tissue culture plates.
INTRODUCTION
Innate immunity is an ancient and essential first line of defense identifiable in all extant multicellular species (1) . Innate immunity is mediated by non-rearranging germline encoded gene products that activate potent antimicrobial defenses. The critical value of this relatively understudied aspect of immunity is underscored by the discovery that components of innate immunity drive adaptive defenses in vertebrates (2) . Engagement of innate immune signaling proceeds through conserved signaling pathways, which trigger transcription of host defense genes ranging from antimicrobial peptides to cytokines. For example, the mammalian Tumor Necrosis Factor (TNF) signaling pathway induces a diverse array of physiological responses to the TNF-α cytokine via NF-κB, c-Jun N-terminal Kinase (JNK) and caspase signaling modules. A critical event in TNF signaling is mediated by the combinatorial action of the JNK and NF-κB pathways.
Predominant activation of the JNK pathway ushers in apoptotic death, while a robust NF-κB response counters JNK-dependent death and commits the cell to survival . Thus, the balance of the two opposing pathways has profound implications for the nature of the immune response, and a breakdown of communication between JNK and NF-κB signaling has profound implications for host survival. As the signaling pathways that drive innate immune responses are evolutionarily conserved, genetically tractable models have emerged as powerful tools for the identification and characterization of innate immune signaling components (4) . For example, the landmark discovery that the Toll pathway drives antifungal defenses in Drosophila prompted the search for and subsequent characterization of mammalian Toll-like receptors (5) .
The Drosophila Immune deficiency (Imd) pathway shares numerous similarities with the TNF pathway (6) . Engagement of Imd signaling is initiated by the detection of gram-negative bacterial peptidoglycan (PGN) by the Peptidoglycan Recognition Protein-LC (PGRP-LC) (7) (8) (9) . PGRP-LC then signals through the adapter protein Imd (RIP1 ortholog) (10) . This results in the dIAP2 and TAB2-dependent activation of dTAK1 (TAK1 ortholog) (11) (12) (13) , which activates both Basket (14,15) (Bsk, JNK ortholog) and the Drosophila I-Kappa Kinase (IKK) complex (16) . Bsk phosphorylates and concomitantly triggers the nuclear translocation of Jra (Jun-related antigen, Jun ortholog), which partners with Kayak (Fos ortholog) to initiate the transcription of a subset of the immune responses genes. At the same time IKK-mediated phosphorylation of Relish (Rel, NF-κB ortholog) results in the cleavage and concomitant nuclear translocation of Rel (17, 18) . While the exact mechanism of Rel processing requires clarification, the caspase-8 ortholog Dredd is essential for Rel activation and Rel processing occurs at a consensus caspase clevage site (19, 20) . Thus, it appears likely that Rel is either directly cleaved by Dredd or a Dredd-responsive caspase. Cleaved Rel rapidly transcribes a large number of gene products that drive the antimicrobial response.
In addition to the overt molecular similarities between the Imd and TNF pathways, there are distinct similarities between the nature of the NF-κB and JNK-mediated responses. Specifically, JNK signaling is transitory in both cases and this is due in part to NF-κB-mediated suppression of JNK activation. Analagous to the situation in mammals, Rel-dependent transcripts directly contribute to the inactivation of Bsk in Drosophila and loss of either IKK or Rel result in enhanced Bsk signaling (21) . A large number of assays exist to quantify Rel-dependent aspects of the Imd pathway; reporter constructs, Northern blot, Western blot, real-time PCR. In contrast, few protocols exist to quantify JNK activation in the Imd pathway. JNK is a member of the MAP kinase family and is activated through phosphorylation by upstream kinases. In this manuscript, we describe a protocol for the visualization and quantification of Bsk activation using commercially available active-JNK antibodies and infrared-based detection methods. The assay is equally applicable in Western blot analysis and for direct quantification of Bsk activation in tissue culture cells. Interestingly, we demonstrate that the In-Cell quantification method is easily extended to quantification of unrelated signaling events.
MATERIALS AND METHODS

S2 Cell Culture
S2 cells were maintained at 25°C in HyQ TNM-FH medium (Gibco) supplemented with 10% heat inactivated fetal calf serum, penicillin and streptomycin. Serum free S2 cells were maintained at 25°C in HyQ SFX-Insect Serum free medium (Gibco) supplemented with penicillin and streptomycin. For induction of JNK phosphorylation S2 cells were incubated in 50µg/ml LPS (Sigma) at 25°C for the indicated times. For induction of apoptosis S2 cells were incubated in 10µM Actinomycin D (Sigma) for the indicated times.
Quantification of Apoptosis
For quantification of apoptosis in S2 cells by flow cytometry, 150µl cells were plated into individual wells of a 96 well plate overnight at a density of 1X10 Western blotting and protein quantification S2 cells were harvested by centrifugation at 1000Xg for 3 minutes and lysed on ice for 10 minutes in lysis buffer (10mM Tris (pH 7.4), 10mM NAH 2 PO 4 , 150mM NaCl, 1% Triton X-100). Lysates were spun for 10 minutes at 21000Xg and sample loading buffer was added to the supernatants. Proteins were separated on a 10% SDS-PAGE gel and analyzed by Western blotting. Antiphospho-JNK antibody was purchased from Cell Signaling. Anti-JNK antibody was purchased from Santa Cruz biotechnology. Alexa-fluor 680 and Alexa-fluor 750 secondary antibodies were purchased from Invitrogen. Protein quantification was performed using a Licor Aerius automated infrared imaging system according to manufacturer's instructions.
Plate based protein assay and quantification S2 cells were plated in 150µl serum-free medium at one million cells per ml in 96 well plates and incubated for three days at 25°C. Cells were fixed in 3.7% formaldehyde (Sigma) and solubilized in 0.1% Triton X-100. In Cell quantitative analysis was carried out as described in the protocol section. Briefly, fixed and permeabilized cells were blocked for one hour in blocking buffer. Afterwards, cells were incubated with anti-phospho-JNK or active caspase-3 antibodies overnight at 4°C. Cells were then washed and incubated with the appropriate Alexa-fluor 750-labeled secondary antibody and alexa-fluor 680-coupled phalloidin. After a brief wash step the plates were then visualized using a Licor Aerius automated infrared imaging system according to manufacturer's instructions. Alexa-fluor 680-coupled phalloidin was purchased from Invitrogen. Anti-phospho-JNK was purchased from Cell Signaling. Anti-active-caspase-3 was purchased from AbCam.
RNAi
Experiments requiring RNAi were performed as described above with the addition of 10µg/ml dsRNA to each well. dsRNA was generated in an in vitro transcription reaction as described previously (22) . Briefly, template DNA was amplified from genomic DNA using gene-specific primers with a GGGCGGGT anchor sequence at the 5' end. The template DNA was amplified in a second round of PCR with a universal primer bearing the T7 RNA polymerase promoter sequence followed by the anchor sequence (TAATACGACTCACTATAGGGAGACCACGGGCGGGT) . dsRNA was generated from second round PCR products in an in vitro reaction with T7 RNA polymerase. dsRNA was heated to 80°C and cooled slowly to room temperature to allow annealing. Gene-specific primer sequences are as follows:
Gene
Primer sequence Kenny1 GGGCGGGTTCAGCGTACTCTTACTGGTCT Kenny2 GGGCGGGTCACTCGTTTGAGTTCGTACCA TAK1 GGGCGGGTGAAGTCCACATAGGCTGCCTG
TAK2 GGGCGGGTCACTAATGTATCGATGACGGT
Results and Discussion
A Western Blot Assay for Quantification of JNK Phosphorylation
We established a quantifiable Western blot assay to monitor Bsk phosphorylation in the Imd pathway. To induce Imd pathway signaling, we incubated the Drosophila embryonic S2 cell line with a commercial preparation of lipopolysaccharides (LPS). Commercially available LPS are contaminated with PGN and are routinely used to activate Imd pathway signaling in S2 cells (23) . We prepared lysates from S2 cells at various times after exposure to PGN and simultaneously detected phospho-Bsk (p-Bsk) and total Bsk in the lysates by Western blot analysis using monoclonal anti phospho-JNK (p-JNK) and polyclonal anti-JNK antibodies. In contrast to standard ECL-based detection systems, we used secondary antibodies coupled to infrared dyes to detect the respective primary antibodies. Specifically, we chose infrared dyes with non-overlapping infrared emission spectra (Alexa-fluor 680 and Alexa-fluor 750) to distinguish total and phospho-Bsk (p-Bsk) on the Western blot using an infrared imager.
We observed a transitory increase in PGN-dependent Bsk phosphorylation, with maximal Bsk phosphorylation at five minutes post-PGN treatment and a return to basal pBsk levels by sixty minutes (Fig. 1A) . In comparison, total Bsk protein levels remained constant over the entire two hour period (Fig. 1B) . We quantified the ratio of p-Bsk to total Bsk by measuring the relative intensities of the respective infrared fluorophores. We detected an eightfold increased in p-Bsk:total Bsk levels within five minutes of PGN exposure and the ratio returned to background levels by sixty minutes (Fig 1D) . We note that our results are consistent with previous reports that Bsk is transiently phosphorylated through the Imd pathway upon exposure of S2 cells to PGN (21) . In summary, we developed a Western Blot assay that allows detection and quantification of Bsk phosphorylation in response to PGN exposure in Drosophila S2 cell lysates.
The quantifiable Western blot assay described above relies on an infrared imaging system that has distinct advantages for relative quantification of protein samples. The infrared imaging system allows detection of multiple proteins on a single blot, without the need for stripping and re-probing. We used secondary antibodies coupled to distinct Alexa-fluor infrared dyes to detect the respective anti-total and p-Bsk primary antibodies. The use of infrared labels with distinct infrared emission spectra allows for the detection of two proteins on a single blot as the signals are separated into different infrared channels by the imaging system (Fig 1A-C) .
Additionally, the infrared system allows relative quantification of protein levels. Traditional ECL detection relies on horseradish peroxidase-coupled secondary antibodies that convert luminol to light. The light is subsequently detected with X-ray film. The use of ECL does not allow for a reliable quantification of proteins because the production of light is only quantitatively linear over a small range of protein concentrations and the range varies with the exposure time of the blot to film. The use of film is also a drawback as it is difficult to detect saturation of the signal on the film. In contrast, the infrared system does not rely on an enzymatic reaction, but rather an infrared dye coupled to the secondary antibody. The signal to sample ratio is linear over a broad range of protein concentrations with infrared dye-labeled secondary antibodies. Additionally, the imaging software detects a saturated signal and the blot can be rescanned at lower excitation intensities to prevent signal saturation. These features allow for reliable quantification of proteins with the infrared detection system.
The infrared-based detection system relies on a control protein for relative quantification. In the assay above, we quantified p-Bsk relative to total Bsk protein levels. However, we note that other proteins such as actin and tubulin would serve as relaible loading controls for quantification purposes. Housekeeping proteins are highly stable and their levels are relatively consistent from cell to cell. Indeed, we quantified p-Bsk relative to actin levels after PGN treatment and observed similar results to those described in Fig 1D (data not shown) . While the assay described above is ideal for monitoring and quantifying alterations in p-Bsk levels, we note that the technique is applicable to a broad range of cellular events such as the dynamic alterations that accompany cell cycle progression, apoptosis and MAPK signaling.
Large Scale Analysis of JNK phosphorylation events in S2 cells
The Western blot protocol described above is an efficient method for analysis and quantification of a small number of samples. for each time point. The p-JNK:total JNK ratio at 0min LPS exposure was assigned a value of one for each row and all other ratios are shown relative to this value. Error bars represent the standard error of two independent experiments. Treatment of S2 cells with LPS led to a transitory phosphorylation of Bsk, which was eliminated by dsRNA-mediated depletion of dTAK1 and enhanced and prolonged by dsRNA-mediated depletion of Kenny.
procedure described above, the assay uses infraredlabeled secondary antibodies to detect and quantify target proteins. Specifically, we grew S2 cells in 96 well tissue culture plates, stimulated the cells with LPS, fixed the cells directly in the plates and incubated with a monoclonal anti-p-JNK antibody. We detected p-Bsk with an Alexafluor 750 labeled secondary antibody that binds the anti-pBsk antibody. We counterstained the cells with Alexa-fluor 680-coupled phalloidin. Phalloidin binds filamentous actin (f-actin) and serves as a convenient control for cell number per well. As Alexa-fluor 680 and 750 dyes have non-overlapping infrared emission spectra, we quantified p-Bsk and f-actin levels in each well separately.
To determine relative Bsk phosphorylation, we measured the ratio of p-Bsk to f-actin at various times after PGN treatment. Consistent with the data presented in Fig. 1 , we observed transient Bsk phosphorylation in response to exposure of S2 cells to PGN (Fig 2A) . We detected maximal Bsk phosphorylation 15min after exposure to PGN and p-JNK returned to basal levels within an additional 45min.
To validate the plate-based method, we determined the consequence of manipulating Imd pathway signaling for Bsk phosphorylation. dTAK1 is an essential MAPKKK for Bsk phosphorylation in response to PGN and loss of dTAK1 blocks PGN-dependent Bsk phosphorylation (14) . Interestingly, we observed a complete block to PGNmediated Bsk phosphorylation in S2 cells treated with dsRNA targeting dTAK1 ( Fig. 2A and D) . Kenny is part of the IKK complex that activates Relish. A subset of Relresponsive transcripts contributes to Bsk inactivation and loss of Kenny leads to prolonged Bsk phosphorylation in S2 cells exposed to PGN (21) . Similarly, we observed sustained Bsk phosphorylation in S2 cells treated with Kenny dsRNA and exposed to PGN ( Fig. 2A and D) . Thus, we conclude that the plate-based assay described above reproduces all known feature of Bsk activation by the Imd pathway and represents an ideal tool for direct quantification of Bsk activation.
There are several considerations to bear in mind regarding reagent choice in the plate-based assay. Cells must be adherent to avoid loss during the wash steps. To prevent cell loss, we used S2 cells grown in a serum-free medium. We found that S2 cells grown in serum-free medium are considerably more adherent than S2 cells grown in cell culture medium containing serum. In addition, it is important that the cell line used in the assay faithfully reproduces salient features of the event being assayed. We tested the Drosophila embryonic S2, S2R+ and KC167 cell lines and found the S2 cell line ideal for studying Bsk phosphorylation. In contrast, Bsk is not phosphorylated in S2R+ cells exposed to PGN and is only weakly phosphorylated in PGN-treated Kc167 cells (data not shown).
Unlike Western blots, where several bands are easily distinguished on a single blot, the plate-based assay only measures the total signal from each well of the plate, which makes the choice of antibody for the assay critical. The antibody should be specific for a single target and have low background plate binding. If the antibody binds more than one target, it will generate a signal that is not representative of the protein being studied. For our assay, we used an antibody that had only a single p-JNK band when used in a Western blot (Fig.1A) . In addition, depletion of Bsk by RNAi resulted in a loss of the p-JNK signal in the plate-based assay (data not shown), confirming that the antibody is specific for p-Bsk in samples of fixed cells. We conclude that the protocol described above represents a robust method for direct quantification of Bsk activation in Drosophila tissue culture assays.
Quantifiable Plate-Based Assay for Caspase Activation
To determine the applicability of the In-Cell quantitative technique for quantification of other signaling events in S2 cells, we developed a plate-based assay for direct quantification of apoptosis. A key event in apoptotic progression in Drosophila is activation of effector and initiator caspases (24) . To establish a plate-based assay to monitor caspase activation in Drosophila S2 cells, we exposed S2 cells in 96 well plates to the transcriptional inhibitor Actinomycin D. Actinomycin D treatment results in cytotoxic stress and concomitant induction of apoptotic death. We monitored caspase activation with a commercially available anti-active-caspase-3 antibody, which is a reliable reporter of apoptosis in Drosophila (25) . The exact Drosophila epitope(s) detected by the anti-active caspase-3 are unknown. However, this antibody is widely used as a measure of induction of apoptosis in Drosophila tissue culture and whole animal assays. We detected the anti-active-caspase-3 antibody with an Alexa-fluor 750-labeled secondary antibody. We counterstained f-actin with Alexa-fluor 680-labeled phalloidin to control for cell numbers. We detected an increase in the active-caspase-3 signal over the first six hours after Actinomycin D treatment, which decreased between six and eight hours (Fig. 3A) . Similar to the active-caspase-3 signal, the f-actin signal declined at the eight-hour time point, however the signal was constant over the first six hours of Actinomycin D exposure (Fig. 3B) . We believe the later loss of f-actin staining is a result of apoptosis-induced detachment of cells from the substrate. Of note, we detected a steady increase in the ratio of active-caspase-3 to f-actin during the entire eight-hour time course, indicating an overall increase in caspase activation on a per cell basis (Fig. 3D) . We conclude that the assay described above provides a robust quantification of progression through apoptosis in S2 cells.
To compare the In Cell Western technique to alternative assays for detection of apoptosis, we used flow cytometry to monitor the induction of apoptosis in S2 cells that inducibly undergo apoptosis. To this end, we established a stable S2 cell line that expresses Grim under control of the copper-inducible metallothionine promoter. We did not detect expression of Grim in the absence of copper and noticed accumulation of Grim within one hour of copper addition (data not shown). We then measured the induction of apoptosis in cells expressing Grim at various times after addition of copper. Similar to our observations through In Cell Western analysis (e.g. Fig. 3D ), we detected a steady accumulation of cells undergoing apoptosis upon induction of Grim expression (Fig. 3E) . The detected rate of apoptotic induction is higher in cells expressing Grim and measured by flow cytometry than in cells exposed to Actinomycin D and measured by In Cell Western analysis. Importantly, flow cytometry-based quantification of apoptosis in S2 cells exposed to Actinomycin D revealed similar levels of apoptosis induction to Grim-expressing cells (data not shown). Thus, we conclude that flow cytometry is a more sensitive assay for the quantification of apoptosis than the In Cell Western procedure described here. Nonetheless, we note that both assays reliably report a steady accumulation in cells undergoing apoptosis.
The assay provides a valuable tool for the study of apoptotic signaling in Drosophila. However, like the platebased Bsk phosphorylation assay, the choice of reagents is critical. The selection of cells and the antibody used for the active-caspase-3 assay require the same considerations as the Bsk phosphorylation assay. While we used f-actin as a measure for cell number, alternative stains such as btubulin are available for cell number quantification. We recommend that where feasible, users consider multiple measures of cell numbers as controls. Additionally, the time chosen to monitor caspase-3 processing is a critical variable. Caspase-3 processing increases with time. However, as cells enter apoptosis they lose adherence and detach from the well. We performed a time course to determine the ideal exposure time of cells to Actinomycin D for our assay. We observed a significant increase in active-caspase-3 signal at the six hour time point (Fig. 3A) . At the six-hour time point, cells remained adherent to the plates (Fig. 3B) . The results indicate the best exposure time for S2 cells to Actinomycin D is six hours. Given that cells are less adherent by eight hours, we do not recommend quantifying apoptosis at this late stage. In summary, the plate-based assay outlined above provides an effective tool to monitor apoptotic events in Drosophila S2 cells efficiently in a large number of samples.
Numerous alternative immunofluorescence-based protocols exist for the quantification of signaling events in cells. For example, fluorescence-activated cell sorting (FACS) protocols exist for quantification of events as diverse as apoptosis and immune signaling in a broad range of cell lines. Cell sorters are commercially available with adaptors specifically designed for analysis of 96 and 384 well tissue culture plates, facilitating high-throughput analysis of large numbers of independent samples. In addition, cell sorters can distinguish a large number of individual fluorophores allowing multi-parameter analysis of individual samples. FACS-based assays are equally suited to adherent and non-adherent cell lines, while the protocol described in this manuscript is more suitable for evaluation of adherent cells. More recently, several high-content analysis instruments have been developed to allow statistical evaluation of complex cellular events in multi-well tissue culture plates. Such instruments typically capture and analyze immunofluouresce images according to parameters defined by the individual users. While costly and time consuming, these instruments facilitate the statistical analysis of complex cellular events and are ideally suited to multi-parameter analyses, particularly of subcellular criteria that require high-quality immunofluorescence imaging. In contrast, the In Cell Western assays described in this manuscript are restricted by several limitations. Specifically, all assays are restricted to fluorophores with infrared emission spectra, and are not suitable for multiparameter analyses. However, the instruments and reagents required are cost-effective and robust assays are easily developed for the quantification of "uncomplicated" on/off signaling events, making In-Cell analyses a viable alternative for a large number of highthroughput chemical or RNAi screens.
